The ever-increasing bacterial resistance to clinical antibiotics is making many drugs ineffective and creating significant treatment gaps. This can be only circumvented by the discovery of antibiotics with new mechanisms of action. We report here the identification of a new tetramic acid, ascosetin, from an Ascomycete using the Staphylococcus aureus fitness test screening method. The structure was elucidated by spectroscopic methods including 2D NMR and HRMS. Relative stereochemistry was determined by ROESY and absolute configuration was deduced by comparative CD spectroscopy. Ascosetin inhibited bacterial growth with 2-16 lg ml À1 MIC values against Gram-positive strains including methicillin-resistant S. aureus. It also inhibited the growth of Haemophilus influenzae with a MIC value of 8 lg ml À1 . It inhibited DNA, RNA, protein and lipid synthesis with similar IC 50 values, suggesting a lack of specificity; however, it produced neither bacterial membrane nor red blood cell lysis. It showed selectivity for bacterial growth inhibition compared with fungal but not mammalian cells. The isolation, structure and biological activity of ascosetin have been detailed here.
INTRODUCTION
Bacteria continue to acquire resistance against clinically used antibiotics making them less effective and posing a serious threat to human lives. 1 Infections caused by methicillin-resistant Staphylococcus aureus (MRSA) alone are responsible for B18 000 deaths per year in the US. 1 Although methicillin-resistant Staphylococcus aureus is well known and the subject of much attention, infections caused by a number of drug-resistant Gram-negative bacteria such as Pseudomonas aeruginosa and Acinetobacter baumannii are the cause for even greater concern. Most treatment options available today are the result of incremental improvements in the lead classes of antibiotics discovered during the Golden Age of antibiotic discovery. Unfortunately, further improvements to these classes of chemical structures are proving to be extremely challenging, leading to diminishing returns on investments. This may be surmounted by the discovery of new lead classes of antibacterial agents that can be developed for effective treatment of drug-resistant bacteria. It is well known that most of the antibacterial leads are of natural product origin.
Nature remains the most prolific source of antibacterial leads. There are many known natural antibacterials posing a challenge for dereplication and early differentiation of known from unknown compounds. To accomplish the goal of effective dereplication and for increasing the odds of finding novel compounds, we first implemented target-based whole-cell-sensitized S. aureus assays and then a genome-wide whole-cell antisense-based S. aureus fitness test. 2 Screening with a fabF antisense strain led to the discovery of platensimycin 3, 4 and platencin, 5, 6 and an rpsD strain led to identification of several other target-based inhibitors. [7] [8] [9] [10] [11] Recently, screening with S. aureus fitness test led to the discovery of kibdelomycins as gyrase B inhibitors. 12, 13 Continued screening using this approach allowed for the identification of a fungal extract that showed a novel, although complex, S. aureus fitness test profile and that produced no matches for known compounds by HPLC-HRESIFTMS (high-resolution electrospray ionization Fourier transformation mass spectrometry) analysis. The fermentation of this unidentified Ascomycete was scaled up for isolation and identification of the active component. Bioassay-guided fractionation of the extract using the S. aureus growth assay led to the isolation of a new tetramic acid, ascosetin (1, Figure 1 ). The isolation, structure elucidation and details of antibacterial activity including in vivo testing of this compound are described here.
RESULTS AND DISCUSSIONS
The producing microfungus, an unidentified Ascomycete, was isolated from a soil sample collected from the edge of a pond in Talamanca de Jarama, Madrid, Spain. It was grown on a solid millet-based medium for 29 days and extracted with an equal volume of acetone. After filtration, the extract was concentrated to remove most of the acetone and the aqueous layer was partitioned between water and ethyl acetate. Gel permeation (Sephadex LH20, GE Healthcare Biosciences, Pittsburgh, PA, USA) followed by two successive steps of reversed-phase C 8 HPLC on the ethyl acetate extract afforded 35 mg (35 mg l À1 ) of ascosetin (1) as an amorphous powder.
Mass spectral analysis of 1 provided a molecular ion at m/z 444 (M þ H). HRESIFTMS analysis produced a molecular formula of C 26 H 37 NO 5 . The UV spectrum of 1 showed absorption maxima at 220 and 290 nm. The IR spectrum showed absorption bands for hydroxyl groups (3223 cm À1 ) and conjugated ketones (1684 cm À1 ). The 13 C NMR spectrum of 1 in CD 3 OD and DMSO-d 6 showed the presence of 26 resonances, many of which were quite broadened ( Table 1) . These resonances were assigned to six methyls, four methylenes, two olefinic methines and six methines by a DEPT spectrum. The remaining resonances were quaternary in nature and were assignable to three olefinic, four keto and an sp3 aliphatic carbon. These assignments satisfied the molecular formula. The 13 C NMR spectrum showed the presence of four resonances at d C 201.6, 180.3, 103.0 and 195.5 characteristic of the presence of a tetramic acid moiety. 14 The 1 H NMR spectrum of 1 showed three methyl doublets. A pair of these doublets was assigned to an isopropyl group by the COSY, TOCSY, 1 H, 13 C-HSQC and 1 H, 13 C HMBC spectral analyses. The remaining three methyl groups resonated as singlets, two of which could be assigned to olefinic methyls based on their 1 H NMR shifts. The COSY and TOCSY analyses showed two large spin systems consisting of C5-C11-C18 and C5 0 -C9 0 . These spin systems were connected by HMBC correlations. The ROESY analysis further established a chair conformation for the saturated ring and a flattened half-chair conformation for the monounsaturated ring of the trans-fused decalin with an equatorial methyl group at C-8 and an equatorial tetramic acid substituent at C-2 ( Figure 2 ). The absolute configuration of ascosetin was assigned by comparison of the CD spectrum of 1 with the CD spectra of equisetin and the enantiomeric homolog phomasetin. The CD spectrum of 1 exhibited a negative cotton effect (De 290 ¼ À6.97), which was similar in sign to the CD spectrum of ( À)-equisetin (De 290 ¼ À8.9) and opposite to that for ( þ )-phomasetin (De 290 ¼ þ 5.2), confirming the absolute configuration of ascosetin as being identical to the configuration of ( À)-equisetin. 14 On the basis of these studies, the structure and absolute configuration of 1 was proposed for ( À)-ascosetin. The configuration at C-5 0 remains unassigned and has been shown to have no effect on the CD spectrum. 14 Ascosetin is likely derived from the condensation of polyketide and leucine nonribosomal peptide synthetase moieties. The methyl groups at C-8 and C-2 are known to have been derived from S-adenosyl methionine (SAM) in a related tetramic acid, trichosetin. 15 Antibacterial activity Ascosetin was tested for potency and spectrum of activity against a number of clinically relevant Gram-positive and Gram-negative bacteria. It showed growth inhibition of various strains of S. aureus with minimum inhibitory concentration (MIC) values of 2-8 mg ml À1 (Table 2) . It inhibited the growth of Streptococcus pneumoniae with a MIC of 2 mg ml À1 in a iso-sensitest medium and showed strong media dependence. The activity of ascosetin against S. pneumoniae was significantly reduced when tested in the standard Mueller-Hinton medium containing 2.5% lysed horse blood (MIC 32 mg ml À1 ). It showed reasonable activity against Bacillus subtilis (MIC 8 mg ml À1 ) but was less active against Enterococcus faecalis (MIC 16 mg ml À1 ). Ascosetin was generally not active against Gram-negative bacteria (for example, Escherichia coli, whether wild-type or sensitized strain (envA/tolC) in which both outer membrane and efflux pumps are disrupted). However, it did show inhibition of Haemophilus influenzae (MIC 8 mg ml À1 ). The S. aureus inhibition was negatively affected by addition of 50% human serum, which produced a significant MIC shift (MIC432 mg ml À1 ). Ascosetin did not inhibit the growth of Candida albicans.
To determine its mode of action, ascosetin was tested for its ability to inhibit the macromolecular synthesis of DNA, RNA, phospholipids, peptidoglycans and proteins in S. aureus EP167. 3 In this assay, ascosetin exhibited no selectivity and inhibited all of the macromolecular synthetic pathways with almost equal potency ( Figure 3 ) with IC 50 values of 0.65 mg ml À1 (RNA), B1 mg ml À1 (DNA, proteins, phospholipids) and 1.50 mg ml À1 (peptidoglycans). Lack of selectivity suggests that ascosetin inhibits bacterial growth by a nonspecific manner but still maintains selectivity for inhibition of bacteria over fungi as evidenced by lack of inhibition of growth of C. albicans (MIC 464 mg ml À1 ). To further evaluate whether the activity exerted by ascosetin involved membrane lytic activity, it was tested in S. aureus bacterial (ATP release) and red blood cell lysis assays. Ascosetin did not have any effect in these Figure 1 Chemical structure of ascosetin.
Ascosetin, a new tetramic acidtwo assays at 200 mM (highest concentration tested). In mammalian cytotoxicity assays, ascosetin showed IC 50 values of 6, 5 and 10 mg ml À1 , respectively, against the HeLa, CHO and HEK cell lines.
Ascosetin was tested for activity in a murine S. aureus target organ assay burden model of infection. 3 It was not efficacious at 50 mg kg À1 by twice daily (100 mg kg À1 per day) subcutaneous dosing and produced visible signs of toxicity. It showed essentially flat exposure with area under the curve of 8/5/6 mM h at 50/25/12.5 mg kg À1 , respectively. Strong serum binding and low exposure likely affected the efficacy.
Tetramic acids with substituted decalin are widely distributed fungal metabolites with diverse biological effects, including antibacterial activity. Equisetin is perhaps the best known of the family; it was originally reported from Fusarium equiseti and subsequently isolated by us from F. heterosporum as an inhibitor of HIV-1 integrase. 14 Interestingly, both enantiomers of this class of compounds 13 C, COSY, DQF-COSY, DEPT, HMQC, HMBC, TOCSY and NOESY spectra were recorded using standard Varian pulse sequences. Low-resolution mass spectrometry data were acquired on an Agilent 1100 MSD with ES ionization (Agilent, Santa Clara, CA, USA). HRESIFTMS was obtained on a Thermo Finnigan (Waltham, MA, USA) linear trap quadrupole (LTQ)-FTMS spectrometer. An Agilent HP 1100 instrument was used for analytical HPLC.
Producing organism and fermentation
The producing microfungus (E-000504855) was isolated from a soil sample collected at the edge of a pond in Talamanca de Jarama, Madrid, Spain. This is an Ascomycete, but the species remains unidentified. Fermentation was accomplished by inoculating several agar plugs with mycelia into a seed broth flask (50 ml medium in 250 ml unbaffled flask). The formulation for the seed media was as follows (g l À1 ), unless specified: corn steep liquor, 5.0; tomato paste, 40.0; oat flour, 10.0; glucose, 10.0; trace element mix, 10.0 ml l À1 ; agar, 4.0; pH adjusted to 6.8 with NaOH before sterilization. The formulation for the trace element mix consisted of (g l À1 ): After a seed stage of 4-7 days, a 1-ml aliquot was used to inoculate each flask of the production medium (50 ml medium in a 250-ml unbaffled flask). The formulation of the production media consisted of: millet, 15 g per flask; base liquid, 30.0 ml per flask. 
Isolation of ascosetin (1)
One liter (20 flasks) of the solid state fermentation was extracted with 1 l of acetone and concentrated under reduced pressure to remove most of the acetone. The aqueous extract (250 ml) was extracted with two portions of 250 ml ethyl acetate. The combined ethyl acetate extracts were concentrated under reduced pressure to provide 1.7 g solid. This material was dissolved in 40 ml MeOH and 50% of the MeOH solution was charged to a 500 ml Sephadex LH20 column packed in and eluted with MeOH. The column was eluted at a flow rate of 5 ml min À1 and 50 ml fractions were collected. Fractions 29-36 showed antibacterial activity. They were pooled and concentrated to provide 120 mg of partially purified material. This material was dissolved in 500 ml MeOH and chromatographed in two equal portions on a reverse-phase Zorbax (Agilent) XDB C 8 HPLC (150 Â 21.2 mm) eluting with a 32-min gradient of 10-90% aqueous acetonitrile containing 0.1% trifluoroacetic acid at 10 ml min À1 . Fractions 34-35 were pooled and lyophilized to provide 40 mg of almost pure ascosetin (1), which was re-purified on the same HPLC column and elution conditions, except this time without trifluoroacetic acid. Fractions 38-40 were pooled and lyophilized to afford 35 mg of ascosetin (1) 
MIC
The MIC against each of the strains was determined by the Clinical Laboratory Standards Institute guidelines by the twofold serial broth dilution method as previously described. 21 Cultures were incubated at 37 1C for 20 h before activity was read. MIC is defined as the lowest concentration of antibiotic inhibiting visible growth.
Macromolecular synthesis inhibition
Macromolecular synthesis and labeling were performed in S. aureus EP167 using [ 14 C-(U)]-glycine for peptidoglycan, [2-3 H]-glycerol for phospholipid, [2-14 C]-thymidine for DNA, [5, H]-uracil for RNA and L- [4, H]-leucine for protein following a procedure detailed earlier. 22 
In vivo efficacy
The in vivo efficacy studies were performed in a standard S. aureus target organ assay method as described earlier. 3, 22 The compound was dissolved in DMSO and further diluted in sterile distilled water (10% DMSO final) and dosed subcutaneously at 50, 25 and 12.5 mg kg À1 twice daily.
Bacterial lysis assay S. aureus (Smith) was grown in trypticase soy broth, subcultured into cationadjusted Mueller-Hinton broth and grown to mid-log phase. The culture was diluted to a final OD 600 of 0.1, dispensed into a 384-well microtiter plate and the test compounds diluted in DMSO were added. After mixing, samples were transferred to a 0.45-mm pore size filter plate (Multiscreen; EMD Millipore, Billerica, MA, USA) and incubated at 37 1C for 15 min. Following centrifugation at 3500 r.p.m. for 3 min, the filtrate was collected and ATP was quantitated using a coupled luciferase-based assay as described by the manufacturer (BacTiter-Glo Microbial Cell Viability Assay; Promega, Madison, WI, USA). Complete lysis was determined by the addition of 1% SDS. Data were analyzed using a 4-parameter curve-fitting algorithm. 
Sheep red blood cell lysis assay
Sheep whole blood in Alsever's solution (Becton Dickinson Diagnostic Systems, Franklin Lakes, NJ, USA) was washed in Tris-buffered saline, pH 7.4, diluted 1:40 and dispensed into a 384-well microtiter plate. Test compounds diluted in DMSO were added and the plate was incubated at 37 1C for 30 min. Following centrifugation at 3500 r.p.m. for 3 min, the cell-free supernatant was collected and hemoglobin was quantitated by measuring absorbance at 410 nm. Complete lysis was determined by the addition of 10% Triton-X (Sigma-Aldrich; St Louis, MO, USA). Data were analyzed using a 4-parameter curve-fitting algorithm.
HeLa cell cytotoxicity assay
The effects of test compounds on eukaryotic cell DNA synthesis and growth were assessed using the modified thymidine analog 5-ethynyl-2 0 -deoxyuridine (EdU) fluorescently labeled with Alexa Fluor 488 dye through click chemistry as described by the manufacturer (Click-iT EdU Alexa Fluor 488 HCS Assay; Invitrogen, Grand Island, NY, USA). Human cervical adenocarcinoma cells (HeLa; ATCC, Manassas, VA, USA) were used and DNA synthesis as well as total cell counts were assessed following incubation with test compounds and 5 mM EdU at 37 1C for 24 h. Cells were fixed and EdU was click labeled with Alexa Fluor 488 azide. Microplates were analyzed on an Acumen eX3 laser scanning plate cytometer (TTP Labtech; Melbourne, UK). Data were analyzed using a 4-parameter curve-fitting algorithm.
